ABSTRACT Background: The assessment of fat mass and fat-free mass in relation to the symptom-limited maximal exercise duration (Max dur ) of a treadmill test allows for insight into the association of body composition with treadmill performance potential. Objective: We investigated the complex associations between fat mass and fat-free mass and Max dur in a population setting. Design: The Max dur of a graded exercise treadmill test and body composition by dual-energy X-ray absorptiometry were estimated in 2413 black and white men and women aged 38-50 y from the Coronary Artery Risk Development in Young Adults (CARDIA) cohort. Results: The mean Max dur was '7.5 s shorter per kilogram of fat mass in both men and women and independent of fat-free mass, height, race, television watching, physical activity, systolic blood pressure, lung function, and education. Fat mass modified the association of fat-free mass with the Max dur (2-way interaction P , 0.001), and the interaction was stronger in women than in men. In men in the lowest fat-mass quartile, the Max dur was 1.3 s longer per kilogram of fat-free mass and was 0.5 s shorter per kilogram of fat-free mass in the highest fat-mass quartile. In contrast, in women with the least fat mass, the Max dur was 2.7 s longer per kilogram of fat-free mass and was 2.8 s shorter per kilogram of fat-free mass in the highest fat-mass quartile. Conclusions: The Max dur was negatively related to fat mass. Fat-free mass in obese people contributed little to the treadmill performance potential as assessed by the Max dur , although the contribution of fat-free mass was positive in thinner people.
INTRODUCTION
Body mass index (BMI; in kg/m 2 ) is inversely associated with cardiovascular fitness (1) and other aspects of treadmill performance. BMI explained '10% of the variance in maximal exercise duration (Max dur ) (2) in men who took a Bruce-protocol (3, 4) treadmill test. Furthermore, BMI is importantly involved in the association of cardiorespiratory fitness with risk factors for cardiovascular disease (1) . However, a high BMI reflects both high-fat mass and fat-free mass, which may relate differentially to cardiorespiratory fitness. Therefore, additional insight may be gained by specifically assessing fat mass and fat-free mass (5, 6) in relation to treadmill test performance. To our knowledge, no study of this question has previously been undertaken on a large sample of adults.
In a subset of participants from the 20-y follow-up examination from the Coronary Artery Risk Development in Young Adults (CARDIA) Study, we investigated the interaction between fat mass and fat-free mass on the symptom-limited Max dur on a treadmill in a cross-sectional design. We verified the findings in longitudinal data in a subset of the cohort. We hypothesized that fat mass is inversely associated with the Max dur , but fat-free mass is differently associated with the Max dur in individuals with low compared with high fat mass.
SUBJECTS AND METHODS

Study design
The CARDIA Study is a multicenter longitudinal cohort study of cardiovascular risk factors in adults between the ages of 18 and 30 y at study inception in [1985] [1986] . Recruitment was at random from the general population in Birmingham, AL, Chicago, IL, and Minneapolis, MN, and from members of the Kaiser Permanente Medical Care Plan (Oakland, CA). The full CARDIA Study sample at baseline was balanced by age (45% were aged 18-24 y; 55% were aged 25-30 y), race (52% were African American; 48% were white), sex (46% were men; 54% were women), and educational achievement (40% had completed 12 y of education; 60% had completed .12 y of education) (7) (8) (9) . Six follow-up examinations were conducted at years 2, 5, 7, 10, 15 and 20 with 91%, 86%, 81%, 79%, 74%, and 72% of the surviving cohort returning, respectively. Our analysis included men and women in whom the symptom-limited treadmill exercise tests and dual-energy X-ray absorptiometry (DXA) examinations were performed at year 20 as part of the ancillary CARDIA fitness study. In addition, both DXA and treadmill testing were performed at year 7 in the Oakland clinic sample (10, 11) . We used the latter observations to examine the change in Max dur as a function of the change in fat mass and fat-free mass.
The institutional review boards for the protection of human subjects for the participating study sites provided approval for the study, and written informed consent was obtained from all participants.
Data collection
The graded symptom-limited maximal exercise test followed amodifiedBalkeprotocol,whichconsistedofuptonine2-minstages of gradually increasing difficulty (12) . Stage 1 was a 2% grade at 3 miles/h, stages 2-6 were 6%, 10%, 14%, 18%, and 22% grades at 3.4 miles/h, stages 7 and 8 were 22% and 25% grades at 4.2 miles/h, and stage 9 was a 25% grade at 5.6 miles/h. In the current study, the Max dur was the primary outcome. The Max dur is a close approximation of cardiovascular fitness and of the true physiologic maximal oxygen consumption per unit of time (VO 2 max) (13) , but the functioning of other body systems also plays a prominent role in the Max dur because of the volitional symptom limitation as the stopping criterion. The Max dur can be seen as a measure of the treadmill performance potential in the face of the maximal physical exertion that the individual can tolerate.
DXA measurements
Body-composition measurements (fat-free mass and fat mass) were obtained by DXA with a Hologic 4500, Hologic Delphi, or Hologic Discovery (Hologic, Bedford, MA) densitometer in the array-scanning mode in 4 centers. To check the calibration of these DXA machines, a whole-body phantom was sent serially to each center and scanned 10 times. The SD of both fat mass and fat-free mass for the phantom reading was '0.1 kg within each machine, with similar mean levels across centers.
Analytic sample and exclusion criteria
The exercise test was performed by 2871 participants at year 20 across all clinics. The Max dur (in s) was the exercise time at symptom-limited cessation of the test. Participants were determined to be ineligible for the treadmill test (n = 224) for the following reasons: a history of ischemic heart disease, the use of cardiovascular medications (except high blood pressure medication), an elevated resting blood pressure (systolic blood pressure .160 mm Hg or diastolic blood pressure .100 mm Hg), or an acute illness with a fever (the test was rescheduled for a later date whenever possible). Criteria for terminating the exercise test included general or leg fatigue, shortness of breath, or participant refusal to continue and certain medical reasons (,2%). For the analysis of the year-20 symptom-limited treadmill tests, we excluded 196 tests of participants with concurrent b-blocker medication use and 36 tests that were terminated for medical reasons because the treadmill test was stopped for a priori safety reasons if a medical condition was encountered. We also excluded all 58 tests of participants who were ,18 or .30 y of age at year 0 for conformity with our previous report on treadmill maximal heart rate and age (14) . Some participants met more than one exclusion criteria, which left 2677 eligible treadmill tests for data analysis. Participants with an eligible treadmill test but who did not have available (n = 252) or eligible (n = 12) DXA measurements were also excluded from the analysis. A total of 119 tests with missing covariates were also excluded. Therefore, 2294 participants, who had both DXA measurements (fat mass and fat-free mass) and treadmill-test variables at year 20 and no missing covariates were included in the current study analysis. The exercise test and DXA were performed by 437 participants in Oakland at years 7 and 20, and 395 of the participants had all covariates available for the current study analysis.
Measurements of other variables
Sociodemographic variables, including age, race, sex, educational levels, cigarette smoking, dietary behavior, and alcohol consumption, were obtained by self-and interviewer-administered questionnaires at each clinic visit (15) (16) (17) . The physical activity level was measured at each examination by a separate interviewerbased questionnaire regarding the frequency of 13 different activities during the past 12 mo; the activity level was estimated by exercise units (18, 19) . Hours per week of television viewing were assessed by answers to questions about the frequency and duration of watching (20) .
Body weight was measured with a balance-beam scale, and height was measured with a vertically mounted metal centimeter ruler and a metal carpenter's square. BMI was calculated as weight in kilograms divided by height in square meters. Seated blood pressure was measured 3 times after 5 min of rest with the average of the last 2 measurements used in the analysis. Concurrent use of b-blocker medications was also obtained from self-reports, with an examination of medication bottles when available, at each time period. Lung function was measured at year 20 with a volume-based spirometer (SensorMedics Inc, Yorba Linda, CA) and following the standard procedures of the combined American Thoracic Society and the European Thoracic Society guidelines (21) (22) (23) .
Statistical analyses
Analyses were sex specific. A multiple linear regression analysis was used to assess the year-20 cross-sectional association of Max dur and DXA measurements of fat mass and fat-free mass. Fat mass and fat-free mass were divided into sex-specific quartiles. The interaction between fat mass and fat-free mass was studied by using product variables, first for continuous fat mass within sex-specific quartiles of fat-free mass and then for continuous fat-free mass within sex-specific quartiles of fat mass. Age, ethnicity, height, systolic blood pressure, lung function, television watching, smoking status, physical activity, and educational level at year 20 were included as covariates and BMI as an alternate measure of body size. In a sensitivity analysis that removed the between-person variance, we examined longitudinal associations of change (year 20 -year 7) in the Max dur with changes in fat mass and in fat-free mass (n = 395). Changes in fat mass and fat-free mass were categorized above and below sex-specific medians in this subset of participants. We hypothesized that the longitudinal analysis would show an interaction between the change in fat mass and change in fat-free mass in predicting the change in Max dur just as the cross-sectional analysis would find an interaction between levels of fat mass and fat-free mass in predicting the level of Max dur .
Most of our sample had artifact-free DXA-testing conditions (n = 1561) or had only jewelry (n = 201) or implants (n = 237) that could not be removed during testing (which did not appear to bias DXA values of fat mass and fat-free mass; Table 1) . Participants who had a body part out of the X-ray view (n = 367) had clearly biased DXA values. These participants were taller (feet off the DXA table) and had higher BMI (left arm or upper body off the table) than other subjects, so that both the fat mass and fat-free mass were underestimated. We imputed measurements of fat mass and fat-free mass for those having a body part out of the X-ray view by using regression predictions of fat mass and fat-free mass (r 2 0.9) on weight, height, race, sex, waist, and BMI within the participants with the artifact-free DXA measurement condition with a random Gaussian error added and distributed with a mean of 0 and SD equal to the residual meansquare error in the fat-free mass prediction compared with the fat-mass prediction.
All statistical testing was performed by using 2-sided tests with the significance level of type 1 error (a) set at 0.05. Statistical analyses were performed with the SAS 9.2 (SAS Institute Inc, Cary, NC) statistical software package.
RESULTS
Participants included 993 men and 1301 women. The mean (6SD) Max dur was 439.3 6 158.2 s for all participants at year 20 and higher for men than for women (523.3 6 137.7 compared with 375.2 6 142.1 s, respectively; P , 0.001; Table 2 ). The Max dur at year 20 was correlated with that at year 7 (r = 0.79; n = 1456). Compared with men, women had significantly more fat mass (21.0 6 8.5 compared with 27.7 6 11.3 kg; P , 0.001) but less fat-free mass (64.7 6 8.2 compared with 47.1 6 7.8 kg; P , 0.001). These sex differences were partly explained by height (fat-mass index in men compared with in women: 6.6 6 2.7 compared with 10.2 6 4.3 kg/m 2 ; P , 0.001, fat-free mass index: 20.5 6 3.6 compared with 17.3 6 2.8 kg/m 2 ; P , 0.001). Men were also more physically active than women (423 6 297 compared with 298 6 249 exercise units as defined in the CARDIA Study).
Compared with men, women also a had lower systolic blood pressure, lung function, alcohol intake, and rate of current smoking ( Table 2) . Fat mass and fat-free mass were positively correlated with each other (0.58 in men and 0.72 in women). 1 A total of 1561 participants had normal DXA conditions. Three hundred sixty-seven participants had a body part off the table during testing; 53 of these participants also had irremovable implants or jewelry during testing. In participants with no body part off the table, 182 participants had irremovable jewelry; 17 of these participants also had irremovable implants. Of participants with no body part off the table and no irremovable jewelry, 184 participants had irremovable implants.
2 P values for comparison between participants with normal DXA conditions, those who had jewelry that could not be removed during testing, and those who had implants that could not be removed during testing (df = 2; derived from one-factor ANOVA for continuous variables and the chi-square test for categorical variables).
3 P values for comparison between body part off the table and the 3 other conditions combined (derived from onefactor ANOVA for continuous variables and the chi-square test for categorical variables). 4 Mean 6 SD (all such values).
Without other covariates, fat mass and fat-free mass simultaneously included in a model explained 19% of the variance in Max dur for men and 46% of the variance in Max dur for women. In contrast, a model that included only BMI explained 10% of the variance for men and 44% of the variance for women. A model that included age, height, race, television watching, physical activity, systolic blood pressure, lung function, educational level, and smoking status, explained 34% of the variance in Max dur in men and 46% of the variance in Max dur in women. Adding fat mass and fat-free mass to the above model explained 52% of the variance in Max dur in men and 67% of the variance in Max dur in women.
Association of fat mass and fat-free mass with symptom-limited Max dur
With adjustment for fat-free mass, age, race, height, smoking status, television watching, physical activity score, systolic blood pressure, forced vital capacity, and educational level, each kilogram increase of fat mass was associated with a 7.9-s shorter Max dur (P , 0.001) in men and a 7.3-s shorter Max dur (P , 0.001) in women. The strong inverse association between the Max dur and fat mass was maintained across all quartiles of fatfree mass ( Table 3) . This inverse association between fat mass and Max dur was somewhat weaker in women with high fat-free mass (slope of exercise duration on fat mass was 25.4 s/kg for fat-free mass in the fourth quartile of fat mass; P for interaction with 3 df , 0.001). No similar interactive pattern that involved fat mass within quartiles of fat-free mass was seen in men (P for interaction with 3 df = 0.94), although the difference between men and women was not significant (3-way interaction between sex, fat mass, and fat-free mass P = 0.16).
In the analysis adjusted for fat mass, each kilogram increase of fat-free mass was associated with a 1.1-s longer Max dur (P = 0.04) in men and a 1.7-s longer Max dur (P = 0.001) in women. However, as hypothesized, fat mass modified the association of fat-free mass with the Max dur . In women, in the lowest fat mass quartile, the Max dur was 2.7 s longer per kilogram of fat-free mass in contrast to the highest fat-mass quartile in which the Max dur was 2.8 s shorter per kilogram of fat-free mass ( Figure  1) . The interaction tended to be stronger in women (slope difference: 5.5 s/kg fat-free mass for the comparison of lowest to highest fat-mass quartiles; P for interaction ,0.001) than in men (slope difference: 1.8 s/kg fat-free mass for the comparison of lowest to highest fat-mass quartiles; P for interaction = 0.45), although the fat-free slope pattern across fat-mass quartiles was not significantly different between men and women (3-way 1 DXA, dual-energy X-ray absorptiometry; FVC, forced vital capacity; FEV 1 , forced expiratory volume in one second. P values were derived from Student's t test for continuous variables and the chi-square test for categorical variables (df = 1; except for weight and smoking status, df = 2).
2 Mean 6 SD (all such values). 3 Values were derived from 992 men and 1299 women. 4 Imputed for participants with a body part out of the X-ray field. 5 Values were derived from 970 men and 1284 women.
interaction between sex, fat mass, and fat-free mass P = 0.11). A qualitatively similar pattern of interaction was observed if the variable fat mass was replaced by the percentage of body fat (see supplemental material under "Supplemental data" in the online issue). Physical activity was related to both fat (r = 20.27, P , 0.0001) and fat-free mass (r = 0.16, P , 0.0001). Physical activity was uniformly positively related to the Max dur at each level of fat mass but with a differential association in women. Women with a higher level of physical activity had a stronger negative association between fat mass and Max dur (9.3 s shorter per kilogram of fat mass for those with above-median physical activity compared with 5.9 s shorter per kilogram of fat mass for those with below-median physical activity; P for interaction ,0.0001; see supplemental material under "Supplemental data" in the online issue).
Thirteen-year changes in Max dur , fat mass, and fat-free mass
The magnitude of association of the change of Max dur on changes in fat mass and fat-free mass from the year-7 exam to the year-20 exam was qualitatively consistent with the crosssectional findings. Generally, no matter how much fat-free mass was gained, the fat variation within a person over 13 y appeared to be strongly inversely related to the change in Max dur (5.5 s shorter Max dur per kilogram of fat mass gained compared with 0.7 s longer per kilogram of fat-free mass gained in both men and women), which was consistent with our main finding that fat mass was strongly associated with the Max dur . Men with less than the median fat-mass increase (median fat mass gained in this group of 0.7 kg) tended to have a 3.9-s longer Max dur for each kilogram of fat-free mass gained over 13 y (P = 0.08), whereas men with more than the median fat-mass increase (median fat mass gained in this group of 6.9 kg fat) had a 4.2-s shorter Max dur for each kilogram of fat-free mass gained over 13 y (P = 0.06, P for interaction = 0.01). There was no significant relation of the Max dur on changes in fat mass and fat-free mass in women.
DISCUSSION
Our primary finding was that fat mass was strongly and inversely associated with the Max dur in symptom-limited treadmill testing ('7.5 s shorter Max dur per kilogram of fat mass in both sexes) with little dependence on the amount of fat-free mass. In contrast, fat-free mass was more weakly associated with the Max dur , and the positive association between fat-free mass and the Max dur was stronger in participants with a lower fat mass than in participants with a higher fat mass, especially in women.
The Max dur obtained from a symptom-limited treadmill test is often used as a close approximation of the maximal oxygen uptake obtained from a maximal treadmill test to measure cardiorespiratory fitness (1, 13) . However, the treadmill duration is influenced by multiple aspects of both physiologic and psychological functioning and could be considered more of a measure of the treadmill performance potential of the tested human being rather than only the capability of a particular organ or system (ie, the cardiorespiratory system) (24) . Therefore, the finding of the strong negative association of fat mass with the Max dur may relate, in part, to the effect of increasing adiposity on cardiorespiratory fitness mediated by skeletal muscle morphologic, metabolic, and contractile functional alterations and heart-function impairment in addition to the mechanical burden imposed on the organism by the excess adiposity (25) (26) (27) (28) (29) (30) (31) . An increased adiposity affects other factors as well. For instance, it is possible that individuals with a higher fat mass do not perform as close to their true maximum on a treadmill test as do leaner people because individuals with a higher fat mass are not accustomed to exercise or to sweating and exercise-induced fatigue. Also, obesity is related to a high risk of degenerative joint diseases (32) , and individuals with more fat mass tend to suffer from more joint problems that may interfere with treadmill performance. In addition, physiologic and psychological inputs before exercise, including previous experiences of participants with exercise and physical exertion may influence exercise performance (24) . This could further explain why participants with a higher fat mass performed for a shorter duration on the treadmill. Our finding that physical activity was uniformly positively related to the Max dur , although increasingly less so in women as fatness increased, was supportive of the concept that the symptom-limited maximal treadmill testing has a major component of general performance potential in addition to its association with cardiorespiratory fitness.
In the current study, we showed that fat-free mass was positively associated with the Max dur , whereas fat mass was strongly negatively related to the Max dur . These findings were consistent with findings from intervention studies that involved aerobic and resistance exercise training that showed increases in fat-free mass and decreases in fat mass with improvements in cardiorespiratory fitness in men and women (33) (34) (35) (36) (37) . The heritability of indicators of cardiorespiratory fitness reaches '50% of properly adjusted fitness traits (38, 39) . In this context, significant gains in fitness registered with regular exercise or exercise training were strongly influenced by genetic factors (40) . As in our data, fitness gains associated with exercise were independent of changes in adiposity and fat-free mass (37) .
We showed that fat-free mass in obese people appears to contribute very little to the Max dur , although the effect was larger in women than in men. Because skeletal muscle is a major component of fat-free mass, it is possible that the different skeletal muscle features between people with high fat mass and with low fat mass contribute to this interaction. Both intermuscular and intramuscular lipid depots increase with growing levels of adiposity (41) (42) (43) . It is possible that small ectopic fat depots in skeletal muscle that are undetectable by using DXA may be related to fatness and adversely affect muscle function. However, this view may be simplistic; lean persons who were highly trained compared with both lean untrained and obese persons had more intramuscular fat, conceivably for use as an efficient energy source during exercise (44) . Because intramuscular fat may be influenced by fitness and adiposity, the influence of intramuscular fat on the decreased contribution of fat-free mass to the Max dur with increasing adiposity is not clear and needs further study.
Our large, population-based sample of adults who had symptomlimited maximal treadmill tests at 2 examinations and a subset who had 2 DXA measurements available added strength to the current investigation. Our results are more broadly generalizable in young to middle-aged adults than previous studies because of the population-based sampling, the substantial proportion of women and black participants, and the inclusion of smokers and obese persons.
The limitation that our primary findings are cross-sectional, with an unknown extent of residual confounding, was partially mitigated by the analysis in a subset of participants of changes in the Max dur , fat mass, and fat-free mass over 13 y. The change analysis greatly reduced the residual confounding because of between-person sources. Although the short-term reproducibility of the CARDIA symptom-limited test protocol has not been studied, it is probably higher than the tracking correlation of 0.78 for 2 tests 13 y apart but lower than the reproducibility reported in the literature for true maximal tests, which is generally '0.95 for a testretest situation performed within a few days or, at most, 2 wk (45, 46) .
In conclusion, additional insight was gained by specifically assessing fat mass and fat-free mass in relation to treadmill test performance. When usingexercise testingforprovidingan exercise prescription, and in a public health setting as well, one implication from this study was that symptom-limited treadmill performance was more negatively related to the absolute fat mass than positively related to the individual's fat-free mass. Further research is needed to understand the correlates and biological and psychological mechanisms associated with the commonly observed loss of exercise performance potential.
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